The purpose of this work was to evaluate the in vitro possibilities of ampicillin-ceftriaxone combinations for 10 Enterococcus faecalis strains with high-level resistance to aminoglycosides (HLRAg) and to assess the efficacy of ampicillin plus ceftriaxone, both administered with humanlike pharmacokinetics, for the treatment of experimental endocarditis due to HLRAg E. faecalis. A reduction of 1 to 4 dilutions in MICs of ampicillin was obtained when ampicillin was combined with a fixed subinhibitory ceftriaxone concentration of 4 g/ml. This potentiating effect was also observed by the double disk method with all 10 strains. Time-kill studies performed with 1 and 2 g of ampicillin alone per ml or in combination with 5, 10, 20, 40, and 60 g of ceftriaxone per ml showed a >2 log 10 reduction in CFU per milliliter with respect to ampicillin alone and to the initial inoculum for all 10 E. faecalis strains studied. This effect was obtained for seven strains with the combination of 2 g of ampicillin per ml plus 10 g of ceftriaxone per ml and for six strains with 5 g of ceftriaxone per ml. Animals with catheter-induced endocarditis were infected intravenously with 10 8 CFU of E. faecalis V48 or 10 5 CFU of E. faecalis V45 and were treated for 3 days with humanlike pharmacokinetics of 2 g of ampicillin every 4 h, alone or combined with 2 g of ceftriaxone every 12 h. The levels in serum and the pharmacokinetic parameters of the humanlike pharmacokinetics of ampicillin or ceftriaxone in rabbits were similar to those found in humans treated with 2 g of ampicillin or ceftriaxone intravenously. Results of the therapy for experimental endocarditis caused by E. faecalis V48 or V45 showed that the residual bacterial titers in aortic valve vegetations were significantly lower in the animals treated with the combinations of ampicillin plus ceftriaxone than in those treated with ampicillin alone (P < 0.001). The combination of ampicillin and ceftriaxone showed in vitro and in vivo synergism against HLRAg E. faecalis.
The American Heart Association recommends 4 to 6 weeks of penicillin or ampicillin plus an aminoglycoside for treatment of enterococcal endocarditis (45) . After the first reports, in the late 1970s, of clinical isolations of Enterococcus faecalis with high-level resistance to aminoglycosides (HLRAg) (23) , the number of infections caused by HLRAg strains has been increasing. At the present time, E. faecalis with HLRAg occurs worldwide (5, 11, 35, 43) . High-level resistance to streptomycin and gentamicin precludes bactericidal synergism with penicillins or glycopeptides (8, 11, 12) . This fact causes a problem for the treatment of patients with endocarditis caused by these strains. Results from animal studies using the endocarditis model have provided controversial data about the efficacy of ampicillin administered by continuous intravenous (i.v.) infusion, and they are clearly not definitive (21, 40) . A small number of patients have been cured with antibiotic treatment alone, and others have required valve replacement (1, 9, 14, 25, 26, 28, 29, 34, (36) (37) (38) . To date, no proven therapy is known to be as effective as ampicillin or penicillin plus an aminoglycoside for infections caused by these strains when bactericidal activity is desirable, as in infective endocarditis; thus, new alternatives for treatment should be evaluated. Recently, Mainardi et al. (30) demonstrated a synergistic effect of amoxicillin and cefotaxime against 48 of 50 clinical strains of E. faecalis. This experience of amoxicillin-cefotaxime synergy against E. faecalis was limited to only two HLRAg strains.
The studies of antimicrobial efficacy in experimental models of infection provide an important basis for clinical investigative studies in humans, but antibiotic pharmacokinetics may differ greatly between humans and animals because of the higher elimination rate of the drugs in animals. In order to surmount this problem, different authors have used animal models of humanlike pharmacokinetics (6, 19, 31) . In previous experiments, we described a mathematical model that determines the doses to be given to animals by a computer-controlled infusion pump system to obtain serum profiles for rabbits similar to those observed in humans after i.v. administration of a drug in an open one-compartment pharmacokinetic model (19) . The first purpose of this study was to develop a new and amenable open two-compartment pharmacokinetics mathematical model that would enable us to determine the doses to be administered to rabbits by a computer-controlled infusion pump system to simulate the human kinetics of an antimicrobial. Thus, the elimination kinetics of ceftriaxone was examined in healthy rabbits, and thereafter, ceftriaxone was administered to the animals in a way that simulated the human serum profile following an i.v. bolus dose of 2 g.
The second purpose of this study was to confirm and enlarge the previous observations from the work of Mainardi et al. (30) , by evaluating the in vitro effect of the combination of ampicillin plus ceftriaxone in a large number of HLRAg E. faecalis strains and applying complementary techniques, such as time-kill curves. In addition, we investigated the therapeutic outcome of the combination of ampicillin plus ceftriaxone, both given with humanlike pharmacokinetics, in the treatment of experimental endocarditis due to E. faecalis strains highly resistant to aminoglycosides.
(This work was presented in part at the 36th Interscience Conference on Antimicrobial Agents and Chemotherapy, October 1996, New Orleans, La. [20] .)
MATERIALS AND METHODS
In vitro studies. (i) Bacterial strains. We studied 10 E. faecalis strains, originally isolated from patients with a clinically documented infection, which were susceptible to ampicillin or vancomycin and highly resistant to aminoglycosides. The strains were first identified by the API 20 STREP system (BioMérieux, La Balme-Les-Grottes, France) and later confirmed according to the criteria recommended by Facklam and Collins (13) . The in vivo studies were performed with two HLRAg E. faecalis strains (V45 and V48) originally isolated from the blood of two patients with endocarditis. Working stock cultures were kept frozen at Ϫ70°C in double-strength skim milk (Difco Laboratories, Detroit, Mich.). Before each experiment, one aliquot was thawed and subcultured onto 5% sheep blood Columbia agar plates (BioMérieux).
(ii) Media and antibiotics. Mueller-Hinton broth (MHB), Mueller-Hinton agar (MHA) plates, and brain heart infusion (BHI) agar plates (Difco Laboratories) were used. The antibiotics included were ampicillin (Antibioticos SA, Madrid, Spain); ceftriaxone (Roche SA, Madrid, Spain); and streptomycin, tobramycin, gentamicin, kanamycin, and amikacin (Sigma Chemical Co., St. Louis, Mo.). Ampicillin and ceftriaxone solutions were prepared fresh on the day used. Stock solutions of streptomycin, tobramycin, gentamicin, kanamycin, and amikacin were prepared and stored at Ϫ20°C.
(iii) In vitro antibiotic susceptibility tests. MICs were determined on MHA by the standard agar dilution method (32) . Plates were inoculated with a Steers replicator (10 4 CFU/spot) and incubated at 37°C for 18 h. MICs of ampicillin were determined on MHA alone and in combination with a fixed concentration of ceftriaxone (4 g/ml). Strains with aminoglycoside (streptomycin, gentamicin, tobramycin, and kanamycin) MICs of Ն2,000 g/ml were considered to be in the HLRAg category. To determine the bactericidal effect of ampicillin, the microdilution method was followed by using cation-adjusted MHB and an initial inoculum of approximately 5 ϫ 10 5 CFU/ml. Ampicillin concentrations ranging from 0.06 to 128 g/ml were assayed, and after 24 h of incubation at 37°C, an aliquot of 50 l was spotted onto BHI agar plates supplemented with 1,000 IU of penicillinase (Difco Laboratories). Plates were incubated at 37°C for 48 h, and colonies were counted. An effect was considered bactericidal when a Ն99.9% reduction in colony counts was obtained with respect to the initial inoculum (27) .
(iv) Synergy studies. A qualitative estimation of the synergy between ampicillin and ceftriaxone (bacteriostatic interaction) was obtained by the double disk method (ampicillin, 10 g; ceftriaxone, 30 g) on BHI agar plates. To perform time-kill synergy studies, the method described by Sahm and Torres was followed (39) . Prior to inoculation, each tube of fresh BHI broth was supplemented with ampicillin (final concentrations of 1 and 2 g/ml) either alone or in combination with ceftriaxone (final concentrations, 5, 10, 20, 40, and 60 g/ml). A positive growth tube without antibiotics was used as a control. Test tubes were inoculated (final concentration, 10 7 CFU/ml) and incubated at 37°C, and the number of CFU per milliliter was determined after 0, 4, and 24 h of incubation. The carryover effect was excluded by using BHI agar plates supplemented with penicillinase. Antimicrobial cooperation was defined as a Ն2 log 10 decrease in CFU per milliliter between the combination and its most active agent alone after 24 h, with the number of surviving organisms in the presence of the combination Ն2 log 10 CFU/ml below the starting inoculum. According to the American Society for Microbiology definition of synergy, one of the drugs must be present in a concentration which does not affect the growth curve of the test organism when used alone. The combination was considered to have a positive bactericidal activity when a Ն3 log 10 reduction in colony counts was reached.
Pharmacokinetic studies. Ampicillin and ceftriaxone were administered with a system to reproduce human serum pharmacokinetics in rabbits in order to mimic the human serum profile after an i.v. infusion of 2 g of ampicillin or ceftriaxone. A computer-controlled infusion pump system that delivered decreasing quantities of drug was employed (infusion pump, Alice King; the computer software was written by our group). This approach involved three steps: (i) estimation of ampicillin and ceftriaxone pharmacokinetic parameters in rabbits, (ii) application of a mathematical model to obtain the required infusion doses to simulate human kinetics in the animals, and (iii) in vivo experimental pharmacokinetic studies, done to simulate in rabbits the pharmacokinetic profile of ampicillin and ceftriaxone in humans.
The pharmacokinetic studies which led to the humanlike pharmacokinetics of ampicillin in rabbits, including the explanation of the mathematical model used on the basis of an open one-compartment model, were previously described (19) . The pharmacokinetic data of the human-adapted model of 2 g of ampicillin given i.v. in rabbits are shown in Table 1 and Fig. 1A . The serum profile and the pharmacokinetic parameters of ampicillin in rabbits administered with this model were similar to those of 2 g of i.v. ampicillin in humans.
(i) Estimation of ceftriaxone pharmacokinetic parameters in rabbits. To determine concentrations of ceftriaxone in serum, blood was drawn from a carotid catheter at 4, 8, 12, 16, 20, 25, 30, 45, 60 , and 90 min and at 2, 2.5, 3, 3.5, 4, and 5 h after a single i.v. injection of 50 mg of ceftriaxone per kg of body weight. This study was done with eight healthy rabbits. Ceftriaxone concentrations were determined by the disk plate bioassay method (3) with Micrococcus luteus ATCC 9341 as the bioassay microorganism and antibiotic medium 5 (Difco Laboratories) as the growth medium. The serum samples from the rabbits were diluted with pooled rabbit serum so that their concentrations would be within the range of the standard curve. The standard samples were assayed in quintuplicate, and the serum samples were assayed in triplicate. Results were expressed as micrograms per milliliter of blood. The linearity (R 2 ) of the standard curve was 0.98. The sensitivity of the assay was about 1.8 g/ml of sample, and the between-and within-day coefficients of variation for replicates (n ϭ 7) at 1 and 40 g/ml were less than 5%.
The serum disposition constants (␣ r and ␤ r ), the zero-time intercept for the ␣ phase (A r ), and the zero-time intercept for the ␤ phase (B r ) in rabbits were determined by using a nonlinear least-squares regression analysis of the concentration-time curve on the basis of an open two-compartment model.
(ii) Application of a mathematical model to obtain the required infusion doses to simulate human kinetics of ceftriaxone, as a drug with an open two-compartment model, in the animals. The development of the mathematical model is shown in the appendix of this article.
(iii) In vivo experimental pharmacokinetic studies. These studies were done to simulate in rabbits the pharmacokinetic profile of 2 g of ceftriaxone in humans. Briefly, two polyethylene catheters (inside diameter, 0.81 mm; outside diameter, 1.27 mm; Portex SA, Hythe, Kent, England) were inserted, one through the carotid artery (sampling) and the other into the vena cava through the jugular vein (infusion), as previously described (19) . The pump system was set up to deliver previously calculated flow rates of i.v. infusion to simulate the human kinetics of ceftriaxone. This study was done with five healthy rabbits.
To determine serum ceftriaxone concentrations, 2 ml of blood was sampled at 0, 0.5, 1, 2, 3, 4, 6, 12, 18, and 24 h after the start of infusion, through the carotid catheter. Ceftriaxone serum concentrations were assayed by the microbiological bioassay described above.
Different pharmacokinetic parameters were estimated on the basis of an open one-compartment model to compare the pharmacokinetics of ceftriaxone in rabbits, in the human-adapted model, and in humans. The half-life at the ␤ phase of ceftriaxone in the rabbits with humanlike pharmacokinetics (t 1/2 ) was calculated as ln 2/k el , where k el is the elimination rate constant. The elimination rate constant was determined as the slope obtained from a linear regression analysis of the terminal phase of the plasma concentration-time curve on the basis of an open one-compartment model. Thereafter, the area under the concentrationtime curve from 0 h to ␣ phase (AUC 0-␣ ) was calculated as C 0 /k el . The pharmacokinetic parameters of ceftriaxone in humans and rabbits were calculated as described above with a C 0 of 256.8 g/ml.
Establishing endocarditis and installation with the infusion pump system. Experimental aortic valve infective endocarditis was induced in New Zealand rabbits (weight, approximately 2 to 2.1 kg) by the method of Garrison and b T 1/2 and k el data are for healthy rabbits treated with 50 mg/kg i.v. The AUC 0-␣ was calculated from the data of an ideal profile obtained by C 0 r of 80 g/ml and the k el of ampicillin in rabbits.
c k el , t 1/2 , and AUC 0-␣ were obtained from an ideal serum human profile of 2 g of i.v. ampicillin.
d Data are for humanlike pharmacokinetics of 2 g of ampicillin in rabbits.
Freedman (17), as modified by Durack and Beeson (10) . The induction of nonbacterial thrombotic endocarditis was done as previously described (18, 19) . Briefly, a polyethylene catheter was inserted through the right carotid artery into the left ventricular cavity and was left in place throughout the experiment. The same day, one or two catheters (inside diameter, 0.81 mm; outside diameter, 1.27 mm; Portex SA), depending on the treatment group, were placed into the inferior vena cava through the jugular vein by the same technique described previously (19) , to administer ampicillin and ceftriaxone treatment. The infusion pump system was set up to deliver 2 ml of 0.9% saline per h to keep the catheter open until the beginning of antimicrobial administration. Twenty-four hours after placement of the intracardiac catheter, different groups of animals were inoculated via the jugular catheter with 1 ml of saline containing either 10 8 CFU of E. faecalis V45 or 10 5 CFU of E. faecalis V48 in the stationary phase of growth. The presence of endocarditis was confirmed by a blood culture yielding enterococci, obtained before starting antimicrobial therapy.
Treatment groups and estimation of therapeutic efficacy. Antimicrobial therapy was initiated 48 h after infection and was continued for 3 days. The rabbits infected with either strain were randomized into the following treatment groups: group 1, control without treatment; group 2, ampicillin humanlike pharmacokinetics, 2 g every 4 h i.v.; group 3, ampicillin humanlike pharmacokinetics, 2 g every 4 h i.v. plus ceftriaxone humanlike pharmacokinetics, 2 g every 12 h.
After 3 days of treatment, the animals were sacrificed 6 h after ending the ampicillin and ceftriaxone infusion with a lethal i.v. injection of sodium pentothal. The chest was opened, the heart was excised and opened, and the aortic valve vegetations were removed aseptically. The animals included in the control group were sacrificed 48 h after induction of infection. The vegetations were rinsed with saline, weighed, and homogenized in 2 ml of tryptic soy broth (Difco Laboratories) in a tissue homogenizer (Stomacher 80). Homogenates were quantitatively cultured onto 5% sheep blood Columbia agar plates. The plates were incubated for 48 h at 37°C in room air. Results were expressed as the log 10 CFU of E. faecalis V45 or V48 per gram of vegetation. Bacterial densities in valvular vegetations, calculated to be between 0 and 2 log CFU/g, were reported as log 10 2 CFU/g rather than 0 because of potential errors associated with the low weight of the valvular tissue.
Analysis of results. Results were expressed as the means, 95% confidence intervals of the means of grams of vegetations and log 10 CFU of E. faecalis per gram of vegetation, and number of animals with sterile vegetations. Differences in log 10 CFU of enterococci per gram of vegetation and the size of the vegetations (in grams) were compared by one-way analysis of variance. When the F value was significant, each treatment group was compared with the control group and with each of the other treatment groups by Scheffe's test. Comparisons between the number of animals with sterile vegetations were made by Fisher's exact test. P values equal to or less than 0.05 were considered significant.
RESULTS
In vitro antibiotic susceptibility tests. MICs of ampicillin and ceftriaxone were determined by the agar dilution method for the 10 E. faecalis clinical strains used in the study ( Table 2 ). All strains were ampicillin susceptible (MIC, 1 to 4 g/ml) and ceftriaxone resistant (MIC, Ն256 g/ml). The bactericidal effects of different ampicillin concentrations on the 10 strains tested after 24 h of incubation are shown in Table 3 . The efficacy of intermediate ampicillin concentrations in reducing the number of viable cells was frequently higher than the efficacy of high concentrations. This result was consistently found in eight isolates and confirmed in three replicate experiments. The highest bactericidal effects were obtained at concentrations ranging from two to eight times the MIC. The window of ampicillin bactericidal activity in the different strains (reduction in viable bacterial counts exceeded 99.9%) corresponded to antibiotic concentrations ranging from 2 to 16 g/ml. The bactericidal effect was not more detectable at ampicillin concentrations ranging from 4 to 32 times the MIC (8 to 32 g/ml). All the E. faecalis strains showed high levels of resistance to gentamicin, tobramycin, kanamycin, and streptomycin, with MICs of Ն2,000 g/ml. The presence of the aph(2Љ)-aac(6Ј) and the aph(3Ј)-III genes was confirmed in all strains by the PCR method. Synergy studies. A reduction of 1 to 4 dilutions in ampicillin MICs was obtained when ampicillin was combined with a fixed subinhibitory ceftriaxone concentration of 4 g/ml. This potentiating effect was also observed by the double disk method for all 10 strains (Table 2) . When MICs were determined by the microdilution method in cation-adjusted MHB, ampicillin MICs were approximately 1 dilution lower ( Table 3) .
The results of the time-kill studies performed with 1 and 2 g of ampicillin per ml alone or in combination with 5, 10, 20, 40, and 60 g of ceftriaxone per ml are shown in Table 4 . After 4 h of contact, ampicillin alone produced a bacteriostatic effect (Յ0.3 log increase with respect to the original inoculum) in 4 of 10 strains with 1 g of ampicillin per ml and in 9 of 10 with 2 g/ml; similar data were obtained after 24 h: 3 of 10 and 9 of 10, respectively. At concentrations ranging from 5 to 60 g/ml, ceftriaxone alone did not significantly alter the original bacterial count at 4 or 24 h. After 24 h of incubation, a Ն2 log 10 decrease in CFU per milliliter between ceftriaxone plus ampicillin and ampicillin alone was found for all 10 E. faecalis strains studied. At 24 h, the majority of the ampicillin-ceftriaxone combined concentrations (70%) produced this effect, and in 36%, a bactericidal effect was observed (Ն3 log 10 killing with respect to the initial inoculum). Note that ceftriaxone alone did not affect the enterococcal bacterial counts after 24 h of incubation but slightly influenced the slope of the bacterial growth curve for eight strains, as shown in the 4-h counts. Thus, in these cases, the requirements for a strict definition of synergy were not fulfilled, but the results certainly suggest a situation similar to true synergy. This strong antimicrobial cooperation between the two drugs was obtained in seven strains with the combination of 2 g of ampicillin per ml plus 10 g of ceftriaxone per ml and in six strains with 5 g of ceftriaxone per ml. After only 4 h of incubation, one-third of the ampicillin-ceftriaxone combined concentrations produced significant reductions in bacterial counts (Ն2 log 10 with respect to ampicillin alone or to the initial inoculum) in 9 of the 10 strains. C (5) ϩ0.7 ϩ2.0 ϩ0.9 ϩ2.1 ϩ0.4 ϩ1.7 ϩ0.5 ϩ1.7 ϩ0.6 ϩ1.9 ϩ0.7 ϩ1.9 ϩ0.6 ϩ1.8 ϩ0.8 ϩ1.9 ϩ0.7 ϩ1.7 ϩ0.8 ϩ1.8 C (10) ϩ0.5 ϩ1.9 ϩ0.5 ϩ1.9 ϩ0.6 ϩ1.6 ϩ0.6 ϩ1.8 ϩ0.7 ϩ1.7 ϩ0.9 ϩ2.0 ϩ0.8 ϩ2.0 ϩ0.9 ϩ2.0 ϩ0.6 ϩ1.8 ϩ0.7 ϩ1.9 C (20) ϩ0.7 ϩ2.1 ϩ0.7 ϩ2.0 ϩ0.4 ϩ1.8 ϩ0.4 ϩ1.9 ϩ0.5 ϩ1.7 ϩ1.1 ϩ2.1 ϩ0.7 ϩ1.9 ϩ0.7 ϩ1.9 ϩ0.5 ϩ1.7 ϩ0.7 ϩ1.7 C (40) ϩ0.7 ϩ1.8 ϩ0.7 ϩ1.9 ϩ0.4 ϩ1.7 ϩ0.7 ϩ1.7 ϩ0.8 ϩ1.8 ϩ0.95 ϩ1.9 ϩ0.8 ϩ1.7 ϩ0.8 ϩ1.8 ϩ0.6 ϩ1.9 ϩ0.6 ϩ1.9 C (60) ϩ0.6 ϩ1.9 ϩ0.8 ϩ1.8 ϩ0.5 ϩ1.6 ϩ0.5 ϩ1.9 ϩ0.5 ϩ1.7 ϩ1.2 ϩ2.3 ϩ0.6 ϩ1.8 ϩ0.7 ϩ2.1 ϩ0.8 ϩ2.0 ϩ0.5 ϩ2.0 ; and V r , 0.16 Ϯ 0.01 liters/kg. The profile in human serum produced by a 2-g i.v. injection of ceftriaxone was simulated in rabbits with the controlled-infusion pump system (Fig. 1B) . This resulted in peak and trough ceftriaxone levels in rabbit serum (mean Ϯ SD) of 242.7 Ϯ 17.6 g/ml at 15 min and 21.6 Ϯ 2.9 g/ml at 24 h, respectively (Fig. 1B) . The pharmacokinetic parameters obtained from the human-adapted model were similar to those of 2 g of i.v. ceftriaxone in humans (Table 5 ). We carried out pharmacokinetic studies of ampicillin and ceftriaxone after six repeated injections of ampicillin and four of ceftriaxone in healthy rabbits and found no significant differences with respect to the results presented in Fig. 1 .
Treatment of established endocarditis. Results of therapy of experimental endocarditis caused by E. faecalis V48 are shown in Table 6 . After 3 days of treatment, residual bacterial titers in the cardiac vegetations were significantly lower in the treated animals than in the controls (P Ͻ 0.0001). Comparisons between the treated groups revealed that the combination of ampicillin with ceftriaxone was significantly more effective than ampicillin alone in reducing the number of bacteria in the vegetations (P Ͻ 0.001). The mean log 10 CFU per gram of vegetation in the group receiving ampicillin plus ceftriaxone was 6.3 less than that of the control group and 3.7 less than that of the ampicillin group. Likewise, the size of the vegetations of the animals treated with the combination was significantly less than that found in the animals treated with ampicillin alone (P ϭ 0.0001). None of the animals had sterile vegetations.
In the animals with endocarditis due to E. faecalis V45, the treatment with ampicillin plus ceftriaxone was even more effective (Table 6 ). Ceftriaxone plus ampicillin was more effective than ampicillin alone in reducing enterococcal vegetation counts (P Ͻ 0.0001). Therefore, no animal treated with ampicillin alone had sterile vegetations, whereas treatment with ampicillin plus ceftriaxone resulted in sterilization of all the infected valves in 47% of the animals (8 of 17) with endocarditis due to E. faecalis V45 (P Ͻ 0.001). In order to study the possible antibiotic carryover effect, a microbiological bioassay of the homogenates with Micrococcus as the bioassay microorganism was carried out, and no traces of ampicillin or ceftriaxone were found. It is unlikely that E. faecalis (V45 or V48) growth inhibition could be produced by possible traces of ampicillin and ceftriaxone 6 h after final infusion, since they were unable to inhibit M. luteus growth. Moreover, taking into account that the trough concentration of ampicillin is 4 g/ml and the trough concentration of ceftriaxone is 30 g/ml, and the k el of ampicillin and ceftriaxone are 2.4 and 0.4 h Ϫ1 , respectively, at 6 h after terminating infusion of the drugs, the concentrations in serum in the animals at the moment of sacrifice would be 0.000002 g of ampicillin per ml and Ͻ2 g of ceftriaxone per ml, levels that do not inhibit E. faecalis growth.
DISCUSSION
The first purpose of this study was to describe a mathematical model that determines the doses to be given to animals by a computer-controlled infusion pump system to obtain serum profiles in the rabbit similar to those observed in humans after i.v. administration of 2 g of ceftriaxone. In previous studies performed in our laboratory (19) , we developed a model of humanlike pharmacokinetics to be used for drugs with an open one-compartment pharmacokinetic model (e.g., ampicillin). The results of the present study show that the model we developed is simple and adaptable for simulating the human pharmacokinetics of antimicrobials with an open two-compartment model.
It is a widespread belief that enterococci are naturally tolerant of the bactericidal effect of ␤-lactam agents, even though occasional nontolerant strains have been found (22) . In this work, when the antibiotic effect of ampicillin was studied at various concentrations, a bactericidal effect (Ͼ3 log decrease in colony count) was found in 9 of 10 of our strains but only in a narrow range of ampicillin concentrations. In fact, in six of nine of these strains, this bactericidal window was shown only b t 1/2 and k el data are for healthy rabbits treated with 50 mg/kg i.v. The AUC 0-␣ was calculated from the data of an ideal profile obtained by C 0 of 256.8 g/ml and the k el of ceftriaxone in rabbits. Data were obtained from the work Patel et al. (33) .
c k el , t 1/2 , and AUC 0-␣ were obtained from an ideal serum human profile of 2 g of ceftriaxone.
d Data are for humanlike pharmacokinetics of 2 g of ceftriaxone in rabbits. with one or two of all the ampicillin concentrations tested. At ampicillin concentrations above this bactericidal window, there is a predominant static effect (nonbactericidal) in the tested isolates. If only these concentrations were tested, all strains could be considered classically tolerant. Indeed, the skipped tubes tend to be ignored in most MBC determinations. The existence of a bactericidal window for most E. faecalis strains has been previously described by other groups for penicillin and amoxicillin (15, 16, 30) . Interestingly, tolerance may have been developed by intermittent challenge with ␤-lactams (22) . Experiments by our group suggest that pulse-exposure and, particularly, stepwise graded concentration regimens may produce a local selection of tolerant variants in local compartments with high and/or low concentrations, in this way closing the bactericidal window (4) . The data obtained in this study suggest that the association of ampicillin and ceftriaxone may show in vitro synergism against E. faecalis with HLRAg. In all of the tested E. faecalis isolates, a strong antibacterial cooperation between ampicillin and ceftriaxone was detectable with a Ն2 log 10 decrease in CFU per milliliter between the combination and its most active agent alone after 24 h. The results may indicate that the combination could be useful in the infections caused by HLRAg E. faecalis strains. It can be suggested that nonbactericidal ampicillin concentrations move into the bactericidal range by association with ceftriaxone, enlarging the range of ampicillin's bactericidal effect. This synergistic effect has been previously detected by Mainardi et al. (30) with amoxicillin and cefotaxime; these authors proposed that, at low amoxicillin concentrations, the low-molecular-weight penicillin-binding proteins (PBPs) 4 and 5 would be partially saturated, but the nonessential PBPs 2 and 3 could participate in building the cell wall; the combination with cefotaxime would totally saturate PBPs 2 and 3, producing the bactericidal synergistic effect. At higher concentrations, ampicillin alone may be able to inhibit the function of PBPs 4 and 5, producing an optimal bactericidal effect. Beyond a given (high) concentration, ampicillin could inhibit autolysins, again reducing bacteriolysis, as was suggested by Fontana et al. (15) . Other ␤-lactam and/or ␤-lactam associations may produce a similar effect; for instance, an increase in the bactericidal effect of ampicillin by combination with imipenem in Enterococcus faecium has been recently reported (7). We were unable to find any synergistic activity between ampicillin and ceftriaxone against E. faecium (41), confirming previous results of Mainardi et al. (30) .
In this work, all E. faecalis strains were significantly killed by low concentrations of ampicillin (1 or 2 g/ml) when ceftriaxone was associated with it. The rate of killing was generally higher with 2 than with 1 g of ampicillin per ml, independently of the ceftriaxone concentration, suggesting that the main bactericidal activity was due to ampicillin. It is important to note that strong antimicrobial cooperation and a bactericidal effect were obtained at low ampicillin concentrations, similar to those expected to be reached at the heart valve vegetations.
In rabbits, after 3 days of treatment, the ampicillin-ceftriaxone combination was more effective than ampicillin alone in decreasing the size of the vegetations and the bacterial concentrations of HLRAg E. faecalis inside the vegetations. Therefore, it is remarkable that close to half the animals infected by the V45 strain had no detectable CFU in their vegetations at the end of treatment with the combination. There is, thus, total accordance between the in vitro and the in vivo studies. In the animal model, ampicillin alone can decrease the enterococcal bacterial count from the valve, but to a much lesser extent than it can in the presence of ceftriaxone. It could be considered that the period during which the ampicillin concentrations needed for optimal killing are available in the host is too short to be effective. It is well known that ␤-lactam killing activity is proportional to the time of exposure (AUC) (24) . Ceftriaxone, enlarging the range of ampicillin's bactericidal concentrations, increases the period during which these concentrations are available, and thus increased bactericidal activity is expected to occur. Our results in the treatment of experimental endocarditis due to E. faecalis with ampicillin alone are not comparable to those of other studies mainly because we use humanlike pharmacokinetics of ampicillin which mimic an i.v. administration of 2 g every 4 h, and no other studies use this technique. The amount of drug, the time above MIC, the AUC, and the shape of this AUC are totally different from those for the administration of the drug with animal pharmacokinetics every 8 or 12 h as used in the other studies (21, 40) , and as would be expected, the efficacy in our study was superior. In our study, ampicillin alone provided an important reduction of bacterial titers in the vegetations, but the combination was significantly superior.
Therapy of endocarditis due to HLRAg E. faecalis remains controversial. To date, there is no known effective medical treatment for patients with endocarditis in whom the infecting strain of E. faecalis is susceptible to ampicillin but highly resistant to aminoglycosides. Recently, Venditti et al. (44) described a patient with endocarditis due to HLRAg E. faecalis for whom treatment with ampicillin plus ceftriaxone failed. One possible explanation for this failure is that ceftriaxone had to be stopped after 3 weeks because of fever related to the administration of the drug. We have successfully treated two patients, one with the ampicillin-ceftriaxone combination and the second with cefotaxime instead of ceftriaxone, the case being a human immunodeficiency virus-infected patient with cholangitis due to Cryptosporidium spp. that precluded the use of ceftriaxone (2) .
In conclusion, the results presented here show that strainindependent in vitro bactericidal synergism occurred against HLRAg E. faecalis. Likewise, in the treatment of HLRAg E. faecalis-induced experimental endocarditis, ceftriaxone combined with ampicillin, both given with humanlike kinetics of 2 g every 12 h and 2 g every 4 h, was an effective therapeutic choice, but it remains to be seen if this is going to be translated into superior clinical results. Further studies are needed to establish the efficacy of this combination in humans with HLRAg enterococcal endocarditis. The system we used to imitate human kinetics in rabbits is based on the administration of decreasing quantities of drug to counteract the higher elimination rate in the animal.
(a) To estimate the zero-time intercept for the ␣ phase (A h ) and the zero-time intercept for the ␤ phase (B h ) in humans for a maximum concentration of ceftriaxone (C max ) in serum after a dose of 2 g in humans (C max ϭ 256.9 g/ml) (32), we used the following seconddegree equation. For practical reasons, we have used C max as C h 0 .
in which ␤ h , ␣ h , and k 21 h are known human constants, was calculated from the work of Patel et al. (33) .
(b) At the end of the distribution phase (␣ phase), we estimated the concentration of the drug (C d ␣ ) necessary to reach the human concen-tration at the end of the ␣ phase (C h ␣ ) by subtracting it from the estimated serum level in animals (C r ␣ ): in which t ␣ ϭ time value of ␣ phase in animals (hours), A r ϭ zero-time intercept for the ␣ phase in rabbits (micrograms per milliliter) for C 0 ϭ 250 g/ml, and B r ϭ zero-time intercept for the ␤ phase in rabbits (micrograms per milliliter) for C 0 ϭ 250 g/ml.
In order to find A r and B r , we used the following second-degree equation:
C r0 ϭ C max ϭA r ϩ B r k 21r ϭ ͑A r ⅐ ␤ r ϩ B r ⅐ ␣ r ͒/͑A r ϩ B r ͒ in which ␤ r , ␣ r , and k 21 r are known rabbit constants obtained previously.
(c) We divided the elimination phase (␤ phase) into time periods (T x ; T 1 ...T n ). At the final limit point of each time period (T x ), the serum drug level is higher in human kinetics (C h x ) than in rabbit kinetics (C r x ). We determined the concentration of the drug (C d x , C d 1 ...C d n ) required to counterbalance this difference by subtracting the desired concentration (C h x , C h 1 ...C h n ) from the estimated serum level in the animal (C r x . C r 1 ...C r n ) by the following mathematical formula, where x ϭ number of the period:
Thus, the general formula for T x ϭ 1, 2, 3, ....infinity is:
C dx ϭ ͑A h ⅐ e Ϫ␣h ⅐ tx ϩ B h ⅐ e Ϫ␤h ⅐ tx ͒ Ϫ ͑C hxϪ1 ⅐ e Ϫk13r ⅐ Tx ͒ in which T x ϭ time value between periods. Time period is in hours; t x ϭ time in human kinetics (hours); and k 13 r ϭ rabbit elimination rate constant from the central compartment (per hour).
(d) The amount of drug (Q x , in milligrams per hour) that must be given by continuous i.v. infusion during the entire length of the ␣ phase (t ␣ ) and the time periods (T x ) of the ␤ phase to attain the desired concentration at the end of the t ␣ (C h ␣ ) or at the end of T x (C h x ) was determined by the following mathematical fraction:
for ␣ phase,
Ϫ␣r ⅐ t␣ ͔ ϩ ͓k 13 Ϫ ␣ r /␣ r Ϫ ␤ r ͔ ⅐ e Ϫ␤r ⅐ t␣ ͖͒ for ␤ phase, 
